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The history of Cenozoic magmatism and collision in NW New Guinea - New
insights into the tectonic evolution of the northernmost margin of the Australian
Plate
Abstract
Evidence of Cenozoic magmatism is found along the length of New Guinea. However, the petrogenetic
and tectonic setting for this magmatism is poorly understood. This study presents new field, petrographic,
U-Pb zircon, and geochemical data from NW New Guinea. These data have been used to identify six units
of Cenozoic igneous rocks which record episodes of magmatism during the Oligocene, Miocene, and
Pliocene. These episodes occurred in response to the ongoing interaction between the Australian and
Philippine Sea plates. During the Eocene, the Australian Plate began to obliquely subduct beneath the
Philippine Sea Plate forming the Philippine-Caroline Arc. Magmatism in this arc is recorded in the Dore,
Mandi, and Arfak volcanics of NW New Guinea where calc-alkaline and tholeiitic rocks formed within
subduction-related fore-arc and extension-related back-arc settings from 32 to 27 Ma. Collision along this
plate boundary in the Oligocene-Miocene jammed the subduction zone and caused a reversal in
subduction polarity from north-dipping to south-dipping. Following this, subduction of the Philippine Sea
Plate beneath the Australian Plate produced magmatism throughout western New Guinea. In NW New
Guinea this is recorded by the middle Miocene (18-12 Ma) Moon Volcanics, which include an early period
of high-K to shoshonitic igneous activity. These earlier magmatic rocks are associated with the
subduction zone polarity reversal and an initially steeply dipping slab. The magmatic products later
changed to more calc-alkaline compositions and were emplaced as volcanic rocks in the fore-arc section
of a primitive continental arc. Finally, following terminal arc-continent collision in the late MiocenePliocene, mantle derived magmas (including the Berangan Andesite) migrated up large strike-slip faults
becoming crustally contaminated prior to their eruption during the Plio-Pleistocene. This study of the
Cenozoic magmatic history of NW New Guinea provides new data and insights into the tectonic evolution
of the northern margin of the Australian Plate.
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Abstract
Evidence of Cenozoic magmatism is found along the length of New Guinea. However, the
petrogenetic and tectonic setting for this magmatism is poorly understood. This study
presents new field, petrographic, U–Pb zircon, and geochemical data from NW New Guinea.
These data have been used to identify six units of Cenozoic igneous rocks which record
episodes of magmatism during the Oligocene, Miocene, and Pliocene. These episodes

of

occurred in response to the ongoing interaction between the Australian and Philippine Sea

ro

plates. During the Eocene, the Australian Plate began to obliquely subduct beneath the

-p

Philippine Sea Plate forming the Philippine–Caroline Arc. Magmatism in this arc is recorded

re

in the Dore, Mandi, and Arfak volcanics of NW New Guinea where calc-alkaline and tholeiitic
rocks formed within subduction-related fore-arc and extension-related back-arc settings

lP

from 32–27 Ma. Collision along this plate boundary in the Oligocene–Miocene jammed the

na

subduction zone and caused a reversal in subduction polarity from north-dipping to southdipping. Following this, subduction of the Philippine Sea Plate beneath the Australian Plate

Jo
ur

produced magmatism throughout western New Guinea. In NW New Guinea this is recorded
by the middle Miocene (18–12 Ma) Moon Volcanics, which include an early period of high-K
to shoshonitic igneous activity. These earlier magmatic rocks are associated with the
subduction zone polarity reversal and an initially steeply dipping slab. The magmatic
products later changed to more calc-alkaline compositions and were emplaced as volcanic
rocks in the fore-arc section of a primitive continental arc. Finally, following terminal arc–
continent collision in the late Miocene–Pliocene, mantle derived magmas (including the
Berangan Andesite) migrated up large strike-slip faults becoming crustally contaminated
prior to their eruption during the Plio–Pleistocene. This study of the Cenozoic magmatic

2
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history of NW New Guinea provides new data and insights into the tectonic evolution of the
northern margin of the Australian Plate.
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Zircon; Geochronology; Volcanism; Subduction; West Papua

1. Introduction
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The island of New Guinea sits within a region of extensive active magmatism (within
the so-called ‘Pacific ring of fire’). This magmatism is associated with regional convergence
and the interactions between the Australian Plate and the Philippine Sea and Pacific plates
during the Cenozoic (Pieters et al., 1983; Dow & Sukamto, 1984; Hill & Hall, 2003). The
complicated interactions between these plates produced three distinct styles of magmatism
observed in the igneous rocks of New Guinea, these are: oceanic island arcs (Pieters et al.,

of

1983); a continental arc (Dow & Sukamto, 1984; Weiland 1999; Holm et al., 2015); and

ro

collisional or strike-slip related volcanism (Housh & McMahon, 2000; Holm et al., 2015).

-p

Recent studies from eastern and central New Guinea have provided new geochemical and
geochronology data to better understand the tectonic and petrogenetic history of New

re

Guinea throughout the Cenozoic (Housh & McMahon, 2000; van Dongen et al., 2010; Holm

na

(Figure 1).

lP

et al., 2015). However, few data of this sort have been reported from western New Guinea

This study focuses on six Cenozoic igneous units located in different terranes along

Jo
ur

the northern and eastern coasts of the Bird’s Head Peninsula, NW New Guinea (Figure 1).
These igneous rocks include the Mandi Volcanics, the Arfak Volcanics and the Dore
Volcanics (all representing part of the wider Auwewa Volcanic Group, Pieters et al., 1983),
as well as the Moon Volcanics, the Lembai Diorite, and the Berangan Andesite. We use new
field and petrographic observations, along with whole-rock geochemistry, U–Pb zircon
geochronology, and foraminifera biostratigraphic data to understand the age and
petrogenesis of these rocks. The data generated in this study better informs our
interpretation of the Eocene to Recent tectonic history of New Guinea, the northern margin
of the Australian Plate, and the development of the world’s youngest accretionary orogen.

4
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In addition, understanding how, when, and where volcanism has occurred in New Guinea
may lead to advances in our understanding the broader tectonic and architectural controls
that result in economic concentrations of minerals across the island (e.g., White et al., 2014;
Holm et al., 2019).

of

2. Regional geology and previous work

ro

2.1. Tectonic setting

-p

Since the Eocene (following the break-up of Australia and Antarctica) the Australian

re

Plate has been moving rapidly northwards (White et al., 2013; Schellart & Spakman, 2015;

lP

Schellart, 2017; van den Ende et al., 2017). This northwards movement is thought to have
been followed by the clockwise rotation of the Philippine Sea Plate relative to the Australian

na

Plate (~40° of northwards translation since 25 Ma - Ali & Hall, 1995; Hall et al., 1995a, b, c)
and the oblique northwards subduction of the Australian Plate, leading to the creation of an

Jo
ur

Eocene–Miocene island arc within the Philippine Sea Plate (termed the Philippine–Caroline
Arc: Ali & Hall, 1995; Hall, 2002; 2012; Hill & Hall, 2003). It is important to note that while
plate motions for the Philippine Sea Plate remain uncertain (the plate is surrounded by
subduction zones, and back-arc spreading associated with this has created a series of
differentially extending basins; Hall et al., 1995a, b, c), the majority of studies propose some
degree of clockwise rotation and northwards movement consistent with oblique subduction
along the Philippine–Caroline Arc (Haston & Fuller, 1991; Koyama et al., 1992; Hall et al.,
1995a, b, c). Examples of this Philippine–Caroline Arc can now be found along the northern
margin of New Guinea (e.g., Waigeo, Ling et al., 1991; Charlton et al., 1991; Cyclops
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Mountains, Monnier et al., 1999; Adelbert–Finisterre–Saruwaged ranges, Jaques &
Robinson, 1977, Abbott, 1995). During the Miocene and into the Pliocene the Australian
Plate boundary was the site of at least two arc–continent collisions1 as fragments of the
Eocene–Miocene island arc collided with the northern margin of New Guinea (Pubellier et
al., 1999; Hall, 2002; Hill & Hall., 2003; Sutriyono, 2008; Bailly et al., 2009; François et al.,
2016; White et al., 2019; Webb et al., 2019). Alongside this, there is evidence for middle

of

Miocene intermediate–felsic magmatism (e.g., Maramuni Arc, Dow, 1977; Holm et al., 2015;

ro

Utawa Diorite, Dow et al., 1990). This middle Miocene magmatism has been attributed to

-p

either oblique subduction beneath New Guinea prior to terminal arc–continent collision
(Dow & Sukamto, 1984; Dow et al., 1988; McDowell et al., 1996; Hill & Raza, 1999; Weiland,

re

1999; van Ufford & Cloos, 2005; Holm et al., 2015) or partial melting related to crustal

lP

thickening and shearing during Miocene arc–continent collision (Johnson & Jaques, 1980).

na

Middle Miocene magmatism was followed by another phase of magmatism during
the Plio–Pleistocene. This younger phase of magmatism is well documented across central

Jo
ur

and eastern New Guinea, and also resulted in economic concentrations of minerals (White
et al., 2014; Holm et al., 2019), including one of the largest Cu–Au deposits in the world
(e.g., Grasberg, Cooke et al., 2005). These rocks are thought to be mantle-derived melts that
became crustally contaminated during their emplacement into a thickened continental crust
(McDowell et al., 1996; Housh & McMahon, 2000; Hill et al., 2002; Hill & Hall, 2003) and are
locally associated with deeply penetrating arc-normal transfer faults along the central
highlands of New Guinea (White et al., 2014).

1

Throughout this study we use the term ‘collision’ to describe occasions where island arcs have been
tectonically juxtaposed with continental crust of the Australian Plate in New Guinea as a result of subduction
or strike-slip movement, causing widespread deformation and uplift. We recognise that some studies may use
terms like ‘accretion’ or ‘docking’ for this process, but in this case we use collision throughout for consistency.
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2.2. Cenozoic magmatism in NW New Guinea
The rocks of NW New Guinea have been previously classified into four distinct
geological terranes (Kemum Block, Tamrau Block, Tosem Block, and Arfak Block; Pieters et
al., 1983; Dow & Sukamto 1984; Figure 1b). However, the geology of western New Guinea
has also been mapped on the basis of crustal affinity, where three distinct zones have been
proposed (Pieters et al., 1983). These zones include: The Continental Zone, composed of

of

Australian continental crust (the Kemum Block); The Oceanic Zone, made up of oceanic crust

ro

and accreted island arcs (this includes the Arfak and Tosem Blocks); and The Transition

-p

Zone, which represents a zone of diffuse deformation and metamorphic rocks. The

re

Transition Zone includes the Tamrau Block, and essentially represents an accretionary
wedge located between the oceanic and continental crust (Pieters et al., 1983; Dow &

lP

Sukamto 1984, Webb et al., 2019; Figure 1b).

na

The Cenozoic igneous rocks that form the focus of this study have been previously
classified into either the ‘Transition Zone’ (Moon Volcanics, Lembai Diorite, Berangan

Jo
ur

Andesite) or the ‘Oceanic Zone’ (Mandi Volcanics, Arfak Volcanics, Dore Volcanics; Figures 1
& 2). All of which have been well described in terms of their field relations and lithology
during an extensive mapping campaign conducted by Indonesian and Australian geologists
in the 1970/80’s (summarised in Pieters et al., 1983). This earlier work also included
reporting of K–Ar ages obtained for the different volcanic units (Bladon, 1988), along with
some major and trace element geochemical analyses (Pieters et al., 1979).

2.2.1. Oceanic Zone magmatism

7
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Eocene–Miocene oceanic island arc volcanics that crop out in W and NW New
Guinea have been grouped into the Auwewa Volcanic Group (Pieters et al., 1983) based on
their shared petrogenetic history. In NW New Guinea these include the Mandi Volcanics, the
Arfak Volcanics, and the Dore Volcanics (Figure 2).
The Mandi Volcanics were defined by Pieters et al. (1983, 1989) as the sole
lithostratigraphic unit of the Tosem Block located at the northernmost point of the Bird’s

of

Head Peninsula, and in faulted contact with the Tamrau Block (Figures 1 & 2a). The unit

ro

consists of basalt to andesite lava, lava breccia, pillow lava, agglomerate, tuff, and minor

-p

volcaniclastics, rarely interbedded with layers of fossiliferous limestone (Pieters et al. 1989).

re

Previous K–Ar dates yielded late Eocene to middle Miocene ages (31.510.5 Ma; Bladon

lP

1988). The timing of regional deformation and apatite fission-track data indicate that the
Tosem Block collided with the northern Australian margin (the Tamrau Block) in the late

na

Miocene–Pliocene (Sutriyono et al., 1997; Sutriyono, 2008; Webb et al., 2019).

Jo
ur

The Arfak Volcanics form the basement of the Arfak Block and represent an accreted
oceanic island arc on the eastern coast of the Bird’s Head, they are in faulted contact with
the continental Kemum Block along the Ransiki Fault Zone (Figures 1 & 2c). These consist of
basaltic to andesitic volcaniclastics and agglomerate with subordinate lava, lava breccia, and
rare pillow lava (Robinson & Ratman, 1978; Pieters et al., 1983, 1990, Robinson et al., 1990).
The volcanics are cross-cut by dykes and stocks of porphyritic basalt and andesite, gabbro,
dolerite, and minor diorite (Pieters et al., 1990, Robinson et al., 1990). Towards the west,
the rocks grade into tuffaceous sandstone and impure limestone (Pieters et al., 1983, 1990;
Robinson et al., 1990). Both biostratigraphic dating of the limestone and K–Ar dating of
leucogabbro found as river float (34.0 ± 0.8 Ma) indicates that this unit is late Eocene to
8
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early Miocene in age (Pieters et al., 1983, 1990; Bladon 1988). Based on their arc-tholeiitic
to calc-alkaline compositions, Pieters et al. (1989; 1990) concluded that both the Arfak and
Mandi volcanics formed during island-arc volcanism driven by the subduction of the
Australian Plate below the Pacific Plate (although no geochemical data were actually
provided in their reports).
The Dore Volcanics (Amri et al. 1990) represent a fault-bounded volcanic unit

of

exposed north of the Sorong Fault Zone in the western Bird’s Head (Figure 2b). The unit is

ro

poorly described, but like the Arfak and Mandi volcanics, it consists of lava, lava breccia,

-p

tuff, and volcaniclastic rocks of andesitic to basaltic composition featuring small dioritic

re

intrusions (Amri et al. 1990). The unit underlies, inter-fingers with, and is faulted against the
Miocene Sagewin Limestone (Amri et al. 1990). The Dore Volcanics were previously

na

Volcanics (Amri et al. 1990).

lP

interpreted to be a post-collisional volcanic belt and a younger equivalent of the Moon

Jo
ur

2.2.2. Transition Zone magmatism

The most extensive of the Transition Zone magmatic groups are the Moon Volcanics
(Pieters et al., 1983), which are located north of the Sorong Fault Zone in the Tamrau Block
(Figures 1 & 2a). The Moon Volcanics are exposed in a ~100 km long E–W trending belt
across the Tamrau Block (Figure 2a). The unit is composed of tuff, agglomerate, lava, and
lava breccia of predominantly andesitic and subordinately dacitic and basaltic composition,
volcaniclastic and tuffaceous rocks and rare interbeds of limestone are also present (Pieters
et al., 1989). The unit is intruded by cogenetic stocks and dykes of diorite (Pieters et al.,
1989), K–Ar dates indicate these formed during the Miocene (19.78.9 Ma, Bladon, 1988;
Pieters et al., 1989). The Moon Volcanics unconformably overlie the Tamrau Formation
9
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(Jurassic–Cretaceous) and the Ajai Limestone (Eocene to middle Miocene), they were
deposited contemporaneously with the Koor Formation (early to late Miocene) and are
unconformable beneath the Opmorai Formation (Plio–Pleistocene, Pieters et al., 1983;
Webb et al., 2019; Figure 2a).
The Lembai Diorite is located in the eastern Bird’s Head in faulted contact with the
Kemum and Arfak blocks along the Ransiki Fault Zone (Figure 2c). It is described as a dark to

of

olive grey, commonly coarse-grained diorite, which locally grades into gabbro (Robinson et

ro

al., 1990; Pieters et al., 1990). These rocks are cut by variable dykes and veins, and

-p

sometimes display a planar fabric. This isolated fabric has been interpreted to represent

re

either partially assimilated metamorphic basement rocks (essentially a mesosome) or
deformation during strike-slip faulting associated with movement along the Ransiki Fault

lP

Zone (Pieters et al., 1983; Robinson et al., 1990). K–Ar dating of a river float sample of the

na

Lembai Diorite yielded a middle Miocene crystallisation age (15.8 ± 0.5 Ma, Bladon, 1988).

Jo
ur

The Berangan Andesite (Robinson et al., 1990; originally termed the Berangan
Agglomerate by Robinson & Ratman, 1978) represents a remnant volcanic plug along the
northern coast of the Bird’s Head (Figure 2a). This lithology was previously described as a
porphyritic andesite with phenocrysts of plagioclase, olivine, hornblende, and
clinopyroxene, it also contains quartz xenocrysts, likely the result of crustal contamination
(Robinson et al., 1990). Based on its morphology as an isolated hill within low-lying coastal
plains it is considered to have formed in the Plio–Pleistocene (Robinson et al., 1990).
3.

Methods

10
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The sampling and field observations associated with this study were conducted
during three campaigns between 2014–2016 (Figure 2). This fieldwork utilized river
transects on foot, motorised boats along the coast, and recently built road sections to
access recently exposed rocks within the mountainous and dense tropical rainforest.
Petrography, U–Pb zircon geochronology, major and trace element geochemistry, and
foraminifera biostratigraphy were used to better understand the age and petrogenesis of

of

Cenozoic magmatism in NW New Guinea. Petrographic descriptions of all samples analysed

ro

in this study can be found in Supplementary Data File 1. All rock samples discussed in the

-p

text represent in-situ material collected from unaltered exposures unless otherwise

Major and Trace Element Geochemistry

lP

3.2.

re

specified.

Samples that showed little to no alteration in thin section were crushed into 2–5 cm3

na

pieces using a jaw crusher. Any aggregate showing weathered surfaces was discarded. The

Jo
ur

remaining aggregate was washed and sieved to remove potential contaminants introduced
from the jaw crusher and dried before being ground into a fine-powder using a TEMA
tungsten carbide swing mill either at Royal Holloway University of London (RHUL) or the
University of Wollongong (UOW). The samples were quartered, and an aliquot was taken to
be pulverised further for major and trace element geochemical analyses using a 2010
PANalytical Axios sequential X-ray fluorescence (XRF) spectrometer at RHUL or a benchtop
Spectro XEPOS III energy dispersive XRF spectrometer at UOW. Major elements were
analysed on fusion disks prepared from sample powder ignited at 1100°C, providing the loss
on ignition (LOI) value (Supplementary Data File 2; the wt.% for all analyses were
recalculated to 100% on a volatile-free basis following ignition). Trace elements were

11
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analysed using XRF on pressed 40 mm pellets with matrix corrections calculated from the
major element composition and calibrated to international standards. Limits of detection
(LoD) were calculated for the samples analysed at RHUL using long-term standard data
collected on the same machine. Trace element data has been normalised to ALL MORB
(representing the total composition of basaltic oceanic crust excluding back-arc basins - Gale
et al., 2013) for display on multi-element spidergrams.
U–Pb Zircon Geochronology

of

3.3.

ro

Samples from the different igneous groups were crushed using a jaw crusher and

-p

zircon was then extracted using standard density (Wilfley table), magnetic susceptibility

re

(Frantz), and heavy liquid separation (Diiodomethane) techniques at RHUL. Zircon from each

lP

sample was hand-picked, mounted in epoxy resin, and polished to expose the mid-section of
each grain, they were then photographed under transmitted light to create a map of the

na

mounts. Cathodoluminescence (CL) images were taken using a Hitachi S3000 scanning

Jo
ur

electron microscope at RHUL to image any internal growth zones within zircon grains
(Supplementary Data File 3).

U–Pb isotopic data were collected using an ESI NWR 193 nm laser ablation system
coupled to an Agilent 7700 quadrupole-based ICP-MS at the London Geochronology Centre
(LGC), University College London (UCL). The instrument parameters were kept the same
between each session and between each analysis. The LA-ICP-MS parameters are largely the
same as those adopted by Jackson et al., (2004) and further details are provided in
Supplementary Data File 4.

12
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Plešovice zircon (337.13 ± 0.37 Ma, Sláma et al., 2008) was used as an external age
standard to correct for mass bias and down-hole fractionation. Three Plešovice zircons were
measured at the beginning and end of each session and between each change of sample.
Another two Plešovice standards were measured between every ~8–10 unknown analyses.
Three measurements of NIST SRM 612 glass were collected at the beginning of the analytical
session with another two measurements collected at the end. In addition, the TEMORA 2

of

zircon (416.75 ± 0.24 Ma, Black et al., 2004) was measured at the same intervals as the

ro

Plešovice zircon standard to qualitatively assess the accuracy of the data collected and to

-p

study the effects of laser drift and down-hole fractionation. LA-ICP-MS data were reduced
using Iolite 2.5 (Paton et al., 2010; 2011) with the VizualAge data reduction scheme (Petrus

re

& Kamber, 2012). This allowed the identification of any non-zircon grains or cases in which

lP

the laser continued firing into the underlying epoxy. Additionally, the program allowed for

na

identification of the most appropriate down-hole fractionation model to be applied based
on the signal behaviour of the Plešovice standards (in this case an exponential fit was

Jo
ur

applied). Laser drift was modelled against the Plešovice and secondary TEMORA 2 grains
and this was used to produce a propagated error for each analysis.
Data were omitted from further interpretation if they were obtained from a mixture
of zircon and epoxy resin, non-zircon, or if their ages were ≥ 10% discordant (based on the
238

U/206Pb vs. 235U/207Pb isotopic systems; Supplementary Data File 5). Concordant apparent

ages < 1200 Ma were reported using the U238/Pb206 isotopic system and those > 1200 Ma
were reported using the

207

Pb/206Pb system (following the recommendation of Spencer et

al., 2016).

13
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The location of each LA-ICP-MS analysis was compared with the CL imagery to
determine if particular age results corresponded with textural features (e.g., inherited zircon
cores or metamorphic rims) (cf. Supplementary Data File 3). However, nearly all zircon
examined in this study display oscillatory zoning. We found no definitive correlation
between zircon age and morphology.
The Microsoft Excel macro Isoplot (version 4.1, Ludwig, 2009) was used for further

of

calculations and data visualisation. Tera-Wasserburg plots (Tera & Wasserburg, 1972) were

ro

used to display all concordant data for individual analyses (Supplementary Data File 6). A

-p

weighted mean age was calculated for samples where only one clear age population was

re

present. Outliers were rejected from the weighted mean age calculation if they fell outside a
95% confidence limit (i.e., > 1.96σ). Histograms were used to display samples with an array

lP

of inherited ages and concordia intercepts were calculated on a Tera-Wasserburg plot (Tera

Foraminifera biostratigraphy

Jo
ur

3.4.

na

& Wasserburg, 1972) to define an age for those samples without enough concordant data.

Thin sections from limestones intercalated with the Dore Volcanics (MW15-008), Arfak
Volcanics (MW15-055), and Moon Volcanics (MW15-066) that contained foraminifera were
used to obtain biostratigraphic ages to compliment ages obtained from U–Pb zircon
geochronology and to understand the palaeoenvironments in which these rocks were
deposited (Supplementary Data File 7). During the biostratigraphic study of these thin
sections, we primarily used the planktonic foraminiferal zones defined by BouDagher-Fadel
(2015) and calibrated against the biostratigraphical time scale and radioisotopes (as defined
by Gradstein et al., 2012 and revised by Cohen et al., 2017). The planktonic foraminiferal
zonal scheme of BouDagher-Fadel (2015) is also correlated with the larger benthic
14
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foraminiferal ‘letter stages’ of the Far East, as defined by BouDagher-Fadel and Banner
(1999) and later revised by BouDagher-Fadel (2018). The results of these biostratigraphic
analyses are shown in Table 1.
4.

Results

4.2.

Field observations and petrography

of

4.1.1. Mandi Volcanics

ro

The Mandi Volcanics are exposed along the remote northern coast of the Bird’s

-p

Head, between the towns of Kwoor and Waibeem (Figure 2a). Access to these sites required
travel using small motorised boats and trekking along coastal paths. The volcanics are

re

dominated by basaltic agglomerate (Figure 3a), large (5–20 cm) angular to rounded clasts of

lP

porphyritic basalt are common (containing 2–5 mm subhedral to euhedral plagioclase along

na

with pyroxene phenocrysts and glomerocrysts; Figure 4b). Other clasts include aphanitic
basalt and amygdaloidal basalt containing zeolite and calcite (amygdales are sub-rounded

Jo
ur

and generally 5–10 mm across; Figure 4d). Olivine phenocrysts are present in some basaltic
clasts (Figure 4f) as are spherulites (Figure 4h). Outcrops are clast-dominated with a finegrained (in parts aphanitic) dark grey to black, moderately consolidated basaltic groundmass
(Figure 3a.). There is also evidence for extensive and chaotic faulting with abundant calcite
veining. Volcanoclastic debrites are present within the Mandi Volcanics, they are subvertically tilted beds and contain alternating packages of conglomerate, medium- to coarsegrained sandstone, and fine-grained sandstone to mudstone (Figure 3c).
Quartz monzodiorite intrusions are observed within the Mandi Volcanics, typically
intruding as dykes (~3–5 m across). The quartz monzodiorite is medium-grained (1–3 mm)
and dominated by K-feldspar and quartz along with clinopyroxene and titanite phenocrysts
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(Figure 4e). A granophyric texture is present resulting from K-feldspar and quartz
intergrowth and there is evidence for epidotisation and brittle deformation in the K-feldspar
(Figure 4e, g). These quartz monzodiorites have been intruded by basaltic-andesite (which
contains plagioclase, amphibole, and pyroxene phenocrysts), the basaltic-andesite crosscuts and contains xenoliths of the quartz monzodiorite (Figures 3b & 4a). The basalticandesite becomes progressively finer-grained with proximity to the quartz monzodiorite,

of

displaying a chilled margin and a preferred alignment of crystals along the contact (Figure

ro

4c) and are commonly pervasively saussuritised and altered (Figure 4a).
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4.1.2. Arfak Volcanics

re

The Arfak Volcanics form an accreted island arc terrane in a difficult to access and
mountainous region along the eastern coast of the Bird’s Head, separated from the Kemum

lP

Block by the Ransiki Fault Zone (Figure 2c). On the eastern limits of the terrane the volcanics

na

are well exposed along a coastal road connecting Ransiki and Manokwari (Figure 2c). The
rocks along this road are dominated by variably weathered porphyritic basalts and rare

Jo
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trachyte, but are not observed in contact. The basalts contain medium-grained plagioclase
and clinopyroxene phenocrysts (0.5–2 mm; Figure 5a) and are amygdaloidal in places
(commonly containing calcite or zeolite). The trachyte is dominated by plagioclase and
sanidine phenocrysts (0.5–1.5 mm across; Figure 5b) with finer grained plagioclase in the
groundmass (< 100 µm). Large exposures of near-vertical tilted sheeted basaltic lava flows
and pillow lavas are also present (sheets 3–5 cm thick; Figure 3d, e) with associated basaltic
agglomerate (clasts are sub-angular to sub-rounded and 3–30 cm in size).
The rocks on the western perimeter of the Arfak Volcanics (in contact with the
Ransiki Fault Zone) consist mostly of olivine basalts, volcanic breccias, and volcaniclastics.
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The olivine basalts are porphyritic with olivine, clinopyroxene, and orthopyroxene
phenocrysts (0.5–1 mm), they have been sheared in places and altered with plagioclase
sericitisation and late quartz veining (Figure 5a, c). Rare andesitic pods and lenses (5 cm to 1
m across) are observed cross-cutting the olivine basalts (Figure 3f). The andesite lenses are
likely boudins of dismembered dykes and both the andesites and basalts are deformed by
shear zones and minor brittle faults showing a reverse sense of movement. The
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volcaniclastics are either red or brown in colour and are dominated by medium- to fine-

ro

grained angular clasts of plagioclase, pyroxene, and quartz in thin section, some also contain

-p

a calcite matrix with algal grains (Figure 5d, e). Also present along the western perimeter of
the Arfak Volcanics are outcrops of sheared and altered (typically chloritised) quartz diorite

re

intruding into altered basalt. The quartz diorite is dominantly plagioclase, amphibole, and

lP

othropyroxene and is extensively deformed by cataclastic and proto-mylonitic shear bands

na

(Figure 5f). Much of the shearing and faulting of the Arfak Volcanics is strike-slip in nature
(both dextral and sinistral displacement is indicated by slickenlines), striking broadly N–S,
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and considered to define the last phase of movement along these exposed fault planes
within the Ransiki Fault Zone (Figure 2c).
4.1.3. Dore Volcanics

The Dore Volcanics were encountered in a series of coastal quarries north of the city
of Sorong (Figure 2b). These exposures dominantly consist of massive basalt, basalticandesite, and andesite (Figure 6a). Basalts are either aphanitic or porphyritic containing
plagioclase and clinopyroxene phenocrysts (clinopyroxene is dominant and 0.5–2 mm in
size; Figure 7a). Andesite is again either aphanitic or porphyritic, porphyritic samples are
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plagioclase dominated with subordinate chloritised amphibole (in plagioclase and
amphibole glomerocrysts), and quartz (Figure 6a & 7b).
Volcanic agglomerate is present containing typically porphyritic clasts of varying
composition including basalt and andesite (5–10 cm in size) in a fine-grained basaltic
groundmass (Figure 6b). Some of the clasts display chilled margins (Figure 6b) indicating
they were partially molten during their eruption. Cuspate blocks of porphyritic basalt with

of

large, fractured and sericitised plagioclase phenocrysts (2-10 mm) occur within a plagioclase-bearing

ro

glassy groundmass, indicating evidence of auto-brecciation (Figures 6c & 7c). The Dore Volcanics
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are fractured and faulted, showing both oblique dip-slip and sinistral strike-slip fault

re

movement in two dominant fault orientations, N–S and E–W (Figure 6e & d).

lP

4.1.4. Lembai Diorite

na

Exposures of the Lembai Diorite are sparse, but were observed along road sections in
the northern part of the Arfak Mountains (Figure 2c). The diorite (more specifically quartz
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monzodiorite) is medium grained (0.5–3 mm), equigranular, and contains quartz,
plagioclase, clinopyroxene, and orthopyroxene. Variations in composition and colour in
exposures define a planar fabric (Figure 6f) and an examination of thin sections shows that
this fabric is defined by darker areas consisting of a higher abundance of clino- and
orthopyroxene (including orthopyroxene poikiloblasts enclosing plagioclase and quartz;
Figure 5g) and lighter areas that are dominantly quartz and plagioclase (Figure 5h). Previous
field studies that did not report petrographic data attributed this fabric to either the
presence of metamorphic country rock xenoliths or to strike-slip faulting (Pieters et al.,
1983; Robinson et al., 1990). The diorite is sheared and also displays evidence of subsequent
brittle deformation; shear-sense indicators show dip-slip and sinistral strike-slip movement
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(which we have assumed is associated with movement along the Ransiki Fault Zone; Figure
5h).
4.1.5. Moon Volcanics
The Moon Volcanics were mostly observed in patchy but well-exposed road sections
along the eastern coast of the Tamrau Block, as well as in several ~5 km-long well-exposed

of

river transects towards its interior (Figure 2a). They are dominated by andesites and dacites
(along with subordinate basalt, basaltic-andesite, granite, and microtonalite). Andesitic and

ro

dacitic lavas typically occur in massive, jointed outcrops, and are dark grey to cream in
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colour and commonly porphyritic, displaying euhedral phenocrysts of amphibole and

re

feldspar (2–4 mm across; Figure 8d). There are some instances of auto-brecciated andesite

lP

with coarse grained sub-rounded clasts within a finer grained matrix (Figure 8c).

na

Multiple stages of cross-cutting and concordant andesitic dykes are present (Figure
8a). Outcrops along the north-west coast (Figure 2a) display up to three different

Jo
ur

generations of magmatism: the oldest (MW16-023) in this sequence is a porphyritic
andesite containing abundant medium-grained plagioclase phenocrysts (1–2 mm; Figure 8a;
9c) with subordinate hornblende and polycrystalline quartz fragments (which may represent
xenocrysts), this is commonly cross-cut by a slightly finer grained (phenocrysts < 1 mm)
andesite (MW16-022) containing plagioclase, hornblende, and biotite (Figure 8a; 9b); these
two lithologies are in turn cross-cut by a younger and finer-grained (phenocrysts < 500 µm)
andesite (MW16-021) displaying a preferred crystal alignment of abundant plagioclase laths
(Figure 8a; 9a), biotite (partially altered to chlorite), and skeletal amphibole (partially
replaced by plagioclase and altered to chlorite). One outcrop from the Moon Volcanics
displays evidence for magma mingling between the different andesites during their
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intrusion. Figure 8b shows a host quartz-hornblende-plagioclase andesite (MW16-023)
mingling with pods and lenses of hornblende-biotite-plagioclase andesite (MW16-022),
there is a crenulated margin between the two lithologies indicating the host was partially
cooled and coarse plagioclase laths of the host (MW16-023) have been incorporated into
the mingling pods and lenses (MW16-022; Figure 8b).
The Moon Volcanics show evidence for both intrusive and extrusive emplacements

of

in different locations. The rocks show intrusive contacts with the underlying Tamrau

ro

Formation country rock, and extrusive contacts with the coeval Koor Formation. Plutonic or
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hypabyssal intrusions of granite and microtonalite typically occur as dykes and sills (~0.5–3

re

m across) intruding into the Tamrau Formation (Figure 10a, e, f). These dykes can be
weathered to red and orange clays (with relict plagioclase and amphibole phenocrysts ~2

lP

mm across; Figure 10f). Fresh examples of granite and microtonalite intrude the Tamrau

na

Formation with quartz ptygmatic veins radiating out into the country rock (Figure 10f), and
produce contact metamorphism of the country rock which was described by Webb et al.
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(2019). The microtonalite is fine-grained (~100–500 µm) and equigranular containing
plagioclase (sometimes epidotised), quartz, and skeletal hornblende (Figure 9d). The granite
is medium grained (~0.75–1.5 mm) and equigranular containing plagioclase, K-feldspar,
quartz, and pervasively chloritised biotite (Figure 9g). Minor aplite is present along the
contact between the granite pods and Tamrau Formation, this is fine-grained (~250–750
µm), displays granophyric quartz and K-feldspar intergrowths, and contains rare muscovite
(Figure 9h).
Columnar jointed andesitic flows (~5 m thick) have erupted onto mudstones of the
coeval Koor Formation (Figure 10c). The thick flows contain plagioclase and biotite
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phenocrysts (mostly altered to chlorite), all showing preferred alignment. They have
produced a load and flame structure (Figure 10d), indicating the underlying sediments were
wet and poorly consolidated at the time of eruption. This is supported by the observation of
peperite and intercalated volcaniclastics in the Koor Formation by Webb et al. (2019). This,
along with the presence of partially welded dacitic ignimbrite (containing phenocrysts of
plagioclase, quartz, and hornblende; Figure 9e) near a fossiliferous packstone intercalated

of

with the Moon Volcanics (Table 1) indicates that some of the volcanism was sub-marine.

ro

4.1.6. Berangan Andesite

-p

As first described by Robinson & Ratman (1978; and later Robinson et al., 1990), the

re

Berangan Andesite was observed in only one location as a prominent hill (volcanic plug;

lP

~300 m high) covered in dense rainforest and surrounded by coastal plains ~50 km west of
Manokwari (Figure 2a). No in-situ outcrops were found, instead colluvium of the andesite

na

was collected. As the mountain is surrounded by plains, we have no doubt that this material
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was sourced from the 300m volcanic plug. In hand specimen the andesite is grey and mostly
homogenous, but contains xenocrysts of quartz aggregates (~0.5–1 cm across). In thin
section the andesite displays a fine-grained (~200 µm), equigranular groundmass, containing
plagioclase, amphibole, and altered biotite (Figure 7d, e). Along with the quartz aggregates
observed in hand specimen (these are deformed in thin section displaying sub-grain
rotation, grain boundary migration, and resorbed rims; Figure 7e), the andesite also
contains olivine xenocrysts. These olivine xenocrysts are sub- to anhedral with resorbed
rims and are more coarse-grained than the surrounding andesitic groundmass (0.5–1 mm;
Figure 7d).
4.3.

Major and Trace Element Geochemistry
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4.3.1. Mandi, Arfak, and Dore volcanics
Major and trace element analyses have been performed on a total of thirteen
samples that are representative of the different volcanic units (Mandi Volcanics, n = 5; Arfak
Volcanics, n = 4; Dore Volcanics, n = 4). Major element geochemistry shows a range in SiO2
of 44.76–63.68 wt.% and a general trend of increasing alkalinity with SiO2 content when
shown on a total alkali vs. silica plot (TAS; Le Bas et al., 1986; Figure 11a). The samples plot
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dominantly in the subalkaline/tholeiitic field on the TAS plot with some samples in the

ro

alkaline field (Figure 11a) and transitionally between the tholeiite and calc-alkaline fields on
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the AFM plot (Figure 11b; Irvine & Baragar, 1971). When shown on a SiO2 vs. K2O plot

re

(Figure 12a; Peccerillo & Taylor, 1976) the majority of samples plot in the calc-alkaline or
tholeiite–low-K calc-alkaline series, whilst the four most alkaline samples plot in the high-K

lP

calc-alkaline (MW16-094) and shoshonite series (MW16-011; MW16-083; MW16-084). Two

na

intrusive rocks were analysed, these are a quartz monzodiorite (MW16-083; Mandi
Volcanics) and a quartz diorite (MW15-058; Arfak Volcanics). They plot as alkalic (MW16-
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083) and calcic (MW15-058) based on their modified alkali–lime index (MALI vs. SiO2; Figure
12b; Frost et al., 2001) and both are magnesian (Fe Index vs. SiO2; Figure 12c; Miyashiro,
1970) and metaluminous (A/NK vs. ASI; Figure 12d; Shand, 1943; Zen, 1986).
Samples from all three groups display similar trace element patterns (Figure 13a).
With respect to ALL MORB most samples are enriched in the large ion lithophile elements
(LILE) and Pb. However, samples MW15-008 (Dore Volcanics) and MW15-053 (Arfak
Volcanics) are depleted in Rb (Figure 13a). Most samples are depleted in Nb, aside from
MW16-083 (Mandi Volcanics), which is also depleted in Ta and shows the greatest levels of
enrichment in the LILE, Th, U, and the light rare earth elements (LREE; Figure 13a). The other
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samples are either moderately enriched or depleted in the LREE and all samples are
depleted in Y and Yb.
4.3.2. Moon Volcanics
Sixteen samples from the Moon Volcanics were analysed for major and trace
element data, including both intrusive and extrusive rocks. In terms of the major elements,

of

the extrusive rocks of the Moon Volcanics define a broad geochemical array on a TAS plot
(Le Bas et al. 1986; Figure 11a) from basalt to trachydacite or dacite (SiO2 = 47–69 wt.%;

ro

Na2O + K2O = 2–8 wt.%). Most samples plot in the subalkaline/tholeiitic field on the TAS
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diagram (Figure 11a) and fall dominantly in the calc-alkaline series on the AFM diagram

re

(Figure 11b). In addition, samples MW16-029 & MW16-031 plot in the alkaline domain of

lP

the TAS (tephrite basanite; Figure 11a) and samples MW16-026, MW16-029, and MW16031 plot in the shoshonite series when shown on a SiO2–K2O plot (K2O = 5.17–7.14 wt.%;

na

Figure 12a; Peccerillo & Taylor, 1976). The other extrusive samples display a trend of
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increasing K2O with SiO2 ranging from low-K to high-K calc-alkaline (Figure 12a). The
intrusive rocks from the Moon Volcanics plot within the granite and granodiorite fields of
the TAS plot (Figure 11a; SiO2 = 69–80 wt.%; Na2O + K2O = 4.9–5.5 wt.%) and as low-K calcalkaline on the SiO2–K2O plot (Figure 12a). These granitoids plot within the calcic field of the
MALI vs. SiO2 plot (Frost et al. 2001; Figure 12b), are peraluminous (A/NK vs. ASI; Shand,
1927; Zen, 1986; Figure 12c), and magnesian (Fe Index vs. SiO2; Miyashiro, 1970; Figure
12d). One diorite sample (MW15-074), contains anomalously low Na2O (0.04 wt.%) and K2O
(0.003 wt.%) and has been excluded from all major element discrimination diagrams. This is
likely the result of tropical weathering and alteration leaching these mobile elements out of
feldspars (which appear sericitised in thin section).

23

Journal Pre-proof
With respect to ALL MORB, the samples from the Moon Volcanics are all enriched in
the LILEs, Th, U, and Pb, except for sample MW15-027, which is moderately depleted in Rb
(Figure 13b). All samples are enriched or only moderately depleted in the LREE, except for
MW15-073 which is strongly depleted in Sm, and depleted in Nb, Y, and Yb (Figure 13b).
4.3.3. Lembai Diorite
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Two samples from the Lembai Diorite were analysed for major and trace element
data (MW15-050 & MW15-051). These samples plot as a gabbro (MW15-050) and gabbroic
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diorite (MW15-051) on the TAS plot (Figure 11a) and as calc-alkaline to borderline tholeiite
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on the AFM (Figure 11b), with SiO2 contents of 50.28 and 52.84 wt.%, respectively. Both

re

samples belong to the low-K calc-alkaline series with K2O ranging from 0.3–0.4 wt.% (Figure

lP

12a), plot as calcic on the MALI vs. SiO2 plot (Figure 12b), are magnesian to borderline
ferroan (Figure 12c), and are metaluminous based on their ASI (Figure 12d). Most major

na

element values between the two samples are comparable, however, MW15-051 contains
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considerably higher Al2O3 (26.94 wt.%) and lower Fe2O3 (2.19 wt.%) and MgO (0.72 wt.%)
than MW15-050 (18.48 wt.%, 10.05 wt.%, and 4.98 wt.%, respectively).
Most trace elements in both samples are depleted relative to ALL MORB, with
sample MW15-051 strongly depleted in Nb (Figure 13a). Both samples are enriched in Ba,
Pb, and Sr, and sample MW15-050 is also enriched in Cs and Sm (Figure 13a). As a faultbounded block of currently unknown origin the samples from the Lembai Diorite have been
plotted with those of the Auwewa Volcanic Group on the trace element spider plots for
comparison (Figure 13a), this was to determine if any correlations between the formations
can be made that may provide evidence of a shared petrogenetic history. In general, trace
elements from the Lembai Diorite are far more depleted than those of the Moon Volcanics,
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showing a pattern similar to samples from the Auwewa Volcanic Group. Enrichments in Cs,
Ba, Pb, and Sr are common to the Lembai Diorite, Auwewa Volcanic Group, and Moon
Volcanics. However, the depletion in Rb observed in the Lembai Diorite is only found in
samples from the Auwewa Volcanic Group and not those from the Moon Volcanics (Figure
13a). The Nb depletion in MW15-051 is the most significant of all samples analysed.
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4.3.4. Berangan Andesite
One sample of the Berangan Andesite (MW15-054) was analysed for its major and

ro

trace element data. Despite resembling an andesite mineralogically, this sample contains
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69.42 wt.% SiO2 and plots in the dacite field of the TAS plot (Figure 11a), this is likely due to

re

contamination from the quartz xenocrysts observed in thin section (Figure 7d). The sample

lP

is subalkaline and plots in the calc-alkaline series of the AFM and K2O vs. SiO2 plots (Figure

na

11b & 12a)

Trace element data for the Berangan Andesite are comparable to but more enriched
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than the Moon Volcanics and show enrichment in the LILE, LREE (aside from Sm), Th, and U.
The only elements that the sample is depleted in are Y and Yb (Figure 13b). Crucially, the
sample is also enriched in Nb, which is in contrast to the depletion displayed by all other
samples in this study, aside from MW16-083 (Mandi Volcanics; Figure 13a).
4.2.5 Wandamen Gneiss
White et al. (2019) reported a U–Pb zircon geochronology age of 31.9 ± 0.5 Ma for a
quartz-biotite gneiss from the Wandamen Peninsula. Based on this age the sample
(IELTW000H) was interpreted to represent a felsic equivalent of the Palaeogene Philippine–
Caroline Arc (which includes the Auwewa Volcanic Group of this study). The geochemical
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data for this sample (IELTW000H), along with trace element data for the Palaeozoic–
Mesozoic basement of the Wandamen Peninsula are presented here to further test this
theory (Figure 13c).
Sample IELTW000H is highly evolved with 75.73 wt% SiO2 and plots in the
rhyolite/granite field of the TAS diagram (Figure 11a). The sample is calc-alkaline based on
the TAS, AFM, and K2O vs. SiO2 plots (Figures 11a, b & 12a) and plots in the calcic,
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magnesian, and peraluminous fields of the MALI vs. SiO2, Fe Index vs. SiO2, and A/NK vs. ASI

ro

plots, respectively (Figure 12b–d).
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Trace element data for sample IELTW000H displays enrichment in the LILE, Th, U,

re

and Ta with depletions in Nb, Pb, Sr, Hf, Zr, and Y (Figure 13c). Apart from the depletion in
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Pb the trace element data for IELTW000H is comparable to the data field of Palaeozoic–
Mesozoic basement rocks from the Wandamen Peninsula (Figure 13c; this data field is

na

defined by seven samples of schist and gneiss – see Supplementary Data File 2; field

2019).
4.4.

Jo
ur

relations, petrography, and geochronology for these samples are reported in White et al.,

U–Pb Zircon Geochronology
A total of eight intrusive and extrusive samples were dated from the Cenozoic

magmatic groups of the Bird’s Head Peninsula using U–Pb zircon geochronology to
determine the timing of igneous activity (Figure 14; Table 2; Supplementary Data File 5). A
sample of river sand from the Tamrau Block was also analysed for its detrital U–Pb zircon
age spectra (MW16-032). All zircons have an elongate or stubby prismatic shape and show
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one or multiple domains of magmatic zonation under cathodoluminescence (CL) with no
inherited cores or metamorphic rims.
4.4.1. Mandi Volcanics
Sample MW16-083 of the Mandi Volcanics yielded fifty zircon grains with twentynine concordant results which crystallised between ~30 Ma and ~25 Ma (Figure 14a). A

of

weighted mean age of 26.6 ± 0.3 Ma (95% conf., MSWD: 1.2, n = 23) was calculated for this
sample. The single youngest and five oldest concordant zircon grains fall outside the

lP

re

4.4.2. Arfak Volcanics
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outliers or the older grains may be inherited.

ro

uncertainty limits of this calculated age (Figure 14a) and are interpreted to represent

Two samples of the Arfak Volcanics yielded zircon grains for U–Pb dating. Sample

na

BJ15 represents a volcaniclastic sandstone from the Arfak Volcanics, in thin section it is
dominated by mafic minerals, but did yield a substantial amount of zircon grains. One-

Jo
ur

hundred and four zircons were analysed from this sample, all of which were > 10 %
discordant (likely due to Pb loss during open-system behaviour) and as such these data have
been treated differently to the other samples in this study. The samples were plotted on a
Tera–Wasserburg concordia plot (Tera & Wasserburg, 1972) and an isochron was calculated
(Figure 14b), which yielded a lower intercept of 31.65 ± 0.7 Ma (95% conf., MSWD = 1.8, n =
104).
Sample MW15-058 is the only igneous rock from the Arfak Volcanics to yield zircon
grains. Thirty-three zircons were analysed, twelve of which were concordant and crystallised
between ~20 Ma and ~10 Ma (Figure 14c). A weighted mean age of 13.6 ± 1.0 (95% conf.,
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MSWD: 1.3, n = 10) was calculated. The two oldest concordant grains (20.6 ± 4.2 Ma & 19.1
± 4.3 Ma) fall outside the uncertainty limits for this calculated age (Figure 14c) and likely
represent inheritance.
4.4.3. Moon Volcanics
Six samples dated from the Moon Volcanics yielded concordant U–Pb zircon ages

of

spanning the middle Miocene, for five of these samples it was possible to calculate weighted

ro

mean ages.
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Sample MW16-018 is the oldest sample dated from the Moon Volcanics. Thirty-six
zircons were analysed, sixteen of which were concordant and crystallised between ~17 Ma
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and ~12 Ma (Figure 14d). A weighted mean age of 14.1 ± 0.5 Ma (95% conf., MSWD: 0.8, n =
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14) was calculated and the two oldest concordant grains (17.4 ± 2.5 Ma & 17.1 ± 2.1 Ma) fall

na

outside these uncertainty limits (Figure 14d), these may reflect inheritance.
Sample MW16-022 is the only sample analysed from the Moon Volcanics for which a
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weighted mean age could not be calculated due to lack of concordant data. The sample
yielded two concordant zircon ages of 14.5 ± 2.5 Ma (spot analysis: MW16-022-6;
Supplementary Data File 4) and 13.5 ± 3 Ma (spot analysis: MW16-022-7; Supplementary
Data File 4).
Sample MW15-031 is a granite interpreted to represent an intrusive equivalent to
the Moon Volcanics at the very western extent of the unit (Figure 2a). Thirty-nine zircons
were analysed, ten of which were concordant and crystallised between ~17 Ma and ~8 Ma
(Figure 14e). A weighted mean age of 12.8 ± 1.0 Ma (95% conf., MSWD: 1.8, n = 8) was
calculated.
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Sample MW15-027 again represents an intrusive equivalent of the Moon Volcanics
at their western extremity (Figure 2a). Twenty-seven zircon grains were analysed, fourteen
of which lie on the concordia and crystallised between ~13 Ma and ~10 Ma (Figure 14f) and
yielded a weighted mean age of 12.4 ± 0.4 Ma (95% conf., MSWD: 2.1, n = 13).
Sample MW15-078 is the youngest sample analysed from the Moon Volcanics. This
sample yielded eighteen concordant analyses out of thirty-eight analysed zircon grains,
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these concordant grains crystallised between ~14 Ma and ~10 Ma (Figure 14g), yielding a

ro

weighted mean age of 12.4 ± 0.5 Ma (95% conf., MSWD: 1.05, n = 18).

-p

4.4.4. River Sand

re

One modern-day river sand (MW16-032) was collected from a river section that
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intersects the Moon Volcanics. This sample was collected to obtain a detrital zircon age
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spectra to be certain that no additional age populations could be identified from this region.
One-hundred-and-seven zircons were analysed yielding eighty-four concordant ages, with a
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youngest detrital zircon age of 13.7 ± 1.3 Ma and an oldest age of 2401 ± 61 Ma (Figure
15a). Phanerozoic ages (72 analyses) dominate over Proterozoic ages (12 analyses), no
Archean ages are present. The most prominent Phanerozoic age population is early to
middle Miocene with an age range of ~18–13 Ma (52 analyses; Figure 15b). Zircon U–Pb
ages from all the in-situ samples analysed from the Moon Volcanics span this range,
indicating that they adequately represent the duration of volcanic activity and no major age
populations were missed. The only other Phanerozoic population is the Permo–Triassic
(~274–217 Ma, 20 analyses) and a single Palaeo-Proterozoic age population exists at ~1930–
1700 Ma (Figure 15a). These additional age peaks correspond with zircon analysed from
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Permo-Triassic granitoids and basement rocks in the region (Webb & White, 2016; Decker et
al., 2017; Jost et al., 2018).
4.4.5. Berangan Andesite
One colluvial sample derived from the Berangan Andesite was collected for U–Pb
zircon analysis (MW15-054; no in-situ material was present). Twenty-nine zircons were

of

analysed, yielding eighteen concordant ages. In thin section the Berangan Andesite shows
evidence for crustal contamination and this is expressed by a wide spread of ages obtained

ro

from this sample (Figure 14h). The youngest concordant age was Oligocene (28.6 ± 1.9 Ma),
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other significant ages include Triassic (222 ± 15 Ma), Devonian–Carboniferous (405–313

re

Ma), and Neoproterozoic zircons (952–626 Ma). Several younger ages were obtained (< 5

lP

Ma) and while these may better reflect the age of the andesite itself (based on its present
day morphology), however, they are highly discordant (> 90%) so have not been further

Discussion

5.2.
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5.

na

interpreted.

Petrogenesis

5.1.1. Auwewa Volcanic Group
The rocks of the different sub-groups within the Auwewa Volcanic Group (Arfak
Volcanics, Mandi Volcanics, Dore Volcanics) are in some cases extensively deformed and
faulted as a result of their accretion to the northern margin of New Guinea and later strikeslip movement along the Ransiki and Sorong fault zones (including the vertical tilting of
volcaniclastic material, Figure 3c; and the development of proto-mylonite bands as seen in
thin section, Figure 5f). However, much of the primary evidence for how these rocks formed
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is still present. The dominance of mafic volcanism (basaltic–andesitic) including olivine
basalt in places (Figure 4f) supports their proposed formation in an oceanic island arc
(Pieters et al., 1983), as does their oceanic island arc geochemistry. Their dominantly
tholeiitic to slightly calc-alkaline (low-K to medium-K calc-alkaline) signature is comparable
to other oceanic island arc rocks (e.g., South Sandwich Islands, Luff, 1982; Tonga–Kermadec
Arc, Gill, 1981), and also suggests the absence of any associated continental derived

of

material. Their trace element signature also indicates a subduction-related component with

ro

enrichment of LILE and significant depletion in Nb (Pearce, 1983). Meanwhile, the high-K

-p

calc-alkaline to shoshonitic nature of samples from the Mandi and Dore Volcanics (MW16094, MW16-011, MW16-083, MW16-084; Figure 12a) may indicate either a period of

re

extension-related magmatism in a back-arc region (Wilson, 1989) or the progressive

lP

steepening of the subducting slab (Morrison, 1980; Zhang et al., 2019).

na

These volcanics are interpreted to show evidence of both sub-marine and sub-aerial
volcanism. This evidence includes pillow basalts (Figure 3e) erupting from submarine
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ur

conduit vents on the flanks of the volcanic arc, while abundant agglomerate (Figures 3a &
6b) and volcaniclastic deposits (Figure 3c) indicate that flows occurred along the flanks of
volcanoes. The rocks deposited in these flows commonly become reworked with carbonate
and fossiliferous material (Figure 5e) within a reefal environment that was present until at
least the early–middle Miocene (Table 1). These rocks were likely emplaced within a series
of isolated volcanic islands along the margin between the Philippine Sea Plate and the
subducting Australian Plate, supporting observations from other sections of the Philippine–
Caroline Arc (Waigeo - Charlton et al., 1991; Central Range - Weiland, 1999).
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The intrusive rocks also indicate arc magmatism was active. Their magnesian, calcic
to alkali, and metaluminous nature is indicative of granitoids that formed in either an
oceanic island arc or the fore-arc section of a primitive continental arc (Frost et al., 2001).
The high alkalinity of sample MW16-083 indicates that it may have formed as a result of
partial melting of mafic–intermediate meta-igneous rocks in the crust beneath the island arc
due to underplating (Roberts & Clemens, 1993).

of

U–Pb zircon ages for the Auwewa Volcanic Group range from ~31–13 Ma (Figure 14).
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These ages correlate well with the previously reported K–Ar ages (34–10.5 Ma; Bladon,
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1988). The source of the ~31 Ma zircons in the oldest sample (volcaniclastic sandstone BJ15)

re

is unclear, as zircon was not present in any of the mafic rocks sampled from the Arfak
Volcanics (although the zircon of this age may indicate the presence of some early andesitic

lP

volcanism within the Arfak Block). These ages likely record magmatism associated with early

na

Oligocene subduction of the Australian Plate beneath the Philippine Sea Plate (Hall, 2002;
2012; Hill & Hall, 2003 – Figures 18, 30, and 8 therein, respectively) and the creation of the
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Philippine–Caroline Arc (Ali & Hall, 1995; Hall et al., 1995a, b, c). Continued island arc
magmatism produced quartz monzodiorites in the late Oligocene (MW16-083). These were
later cross-cut by basaltic-andesite dykes, producing a chilled margin in the basalticandesite. This evidence indicates that the quartz monzodiorite was already cooled and that
magmatism in the arc was likely episodic. Intrusive magmatic rocks as young as ~13 Ma are
found in the Arfak Volcanics (MW15-058), indicating that magmatism was still active
immediately prior to and possibly during terminal island arc collision with the Bird’s Head in
the late Miocene–Pliocene (Sutriyono, 2008; Webb et al., 2019).
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No samples from the Dore Volcanics yielded zircon grains for U–Pb dating. Their age
is also proposed to be early Oligocene to middle Miocene based on their similarity in
lithology and geochemistry to the Mandi and Arfak volcanics and their likely coeval and
cogenetic formation in the Philippine–Caroline Arc (Ali & Hall, 1995). The limestone sample
collected from the Dore Volcanics (MW15-009) formed in a forereef environment from 14–
12 Ma (Table 1). This forereef environment was likely part of a fringing carbonate reef in the

of

back-arc region of the Philippine–Caroline Arc (with the fore-arc region colliding in the late

ro

Miocene–Pliocene; Webb et al., 2019).
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5.1.2. Lembai Diorite

re

The extensive shearing observed in the Lembai Diorite and its position within the

lP

Ransiki Fault Zone indicate that it represents an allochthonous fault-bounded block that has
potentially been transported an unknown distance. The mingling or layering of less evolved

na

(clinopyroxene–orthopyroxene–plagioclase) and more evolved (quartz–plagioclase) diorites
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observed in outcrop (Figure 6f) may represent continued fractional crystallisation in the
underlying magma chamber or crustal contamination. This compositional layering is also
observed within the so-called central zone of the Utawa Diorite, located ~300 km to the
east, which has been previously proposed as an equivalent to the Lembai Diorite (Dow et al.,
1990).
Poor exposure and its position as a fault-bounded block within the Ransiki Fault Zone
(Figure 2c) has prevented the interpretation of a petrogenetic setting for the Lembai Diorite.
Some authors propose it is cogenetic with the Utawa Diorite (Pieters et al., 1983), which is
located south of Cenderawasih Bay and may have formed as part of a continental arc (Dow
et al., 1990), however, geochemically and mineralogically it resembles the quartz diorite
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found in the Arfak Volcanics (MW15-058). The low levels of enrichment in LILE (aside from
Rb) and depletion in HFSE (including a significant Nb depletion) are indicative of arc magmas
with a strong subduction component but little crustal contamination (Parada et al., 1999;
Shaw et al., 1993), indicating that the compositional layering is likely the result of fractional
crystallisation. The calc-alkaline geochemistry and calcic, magnesian, and metaluminous
nature (Figure 12) are indicative of formation in a continental arc, specifically in the fore-arc

of

region of a primitive continental arc (Brown et al., 1984; Frost et al., 2001).

ro

The previously proposed middle Miocene age (K–Ar, absolute ages not given by
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Pieters et al., 1990) is supported by field and petrographic observations and the comparison

re

with other diorites in the region. The quartz diorites of the Lembai Diorite (MW15-050;
MW15-051) are comparable to diorites in the Arfak Volcanics (MW15-058, 13.6 Ma) and

lP

parts of the Utawa Diorite (21.4–10.6 Ma, K–Ar, Dow et al., 1990) in terms of mineralogy,

na

geochemistry, and deformation style. All diorites are situated within or adjacent to major
fault zones (e.g., Ransiki Fault Zone, Weyland Overthrust) and may represent part of the
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same intrusive complex, which has been later displaced. Recent studies have shown that the
Tamrau Block and Biak Basin in NW New Guinea have been displaced ~300 km westwards
since the Plio-Pleistocene (Gold et al., 2014; Webb et al., 2019), this is consistent with ~10
cm/yr of Pacific/Caroline Plate movement within the last 3 Ma (Sapiie & Cloos, 2004) and it
is likely that the Lembai Diorite has also been displaced ~300 west along the Ransiki Fault
Zone.
5.1.3. Moon Volcanics
The position of the Moon Volcanics in the transitional Tamrau Block between stable
Australian continental crust to the south, and an accreted oceanic island arc to the north
34
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(the Tosem Block: Pieters et al., 1983; Dow & Sukamto, 1984; Webb et al., 2019) underlines
the importance of their petrogenesis for understanding the tectonic evolution of the
northern margin of the Australian Plate. Fieldwork and petrographic observations from this
study show that the Moon Volcanics are dominated by andesitic–dacitic extrusive rocks and
tonalitic–granitic intrusive rocks that intruded into deformed passive-margin sediments of
the Tamrau Formation (Webb et al., 2019). The cross-cutting nature of andesitic dykes of

of

varying composition (Figure 8a) indicate changes in the composition of the source magma

ro

from a hornblende–plagioclase bearing andesite to a more evolved biotite–hornblende–
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plagioclase bearing andesite. This is supported by their geochemistry with a trend of
increasing K2O with SiO2 (Figure 12a) and is likely the result of either continued fractional

re

crystallisation in the underlying magma chamber or crustal contamination from the

lP

underlying Tamrau Formation (e.g., the presence of quartz xenocrysts in sample MW16-023;

na

Figure 9c). The shift from one magma composition to another would have been relatively
rapid to allow for mingling prior to solidification of the magma (Figure 8a, b).
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The four shoshonitic and high-K samples (MW16-018, MW16-026, MW16-029,
MW16-031) formed within the initial stages of continental arc volcanism (MW16-018 = 14.1
Ma; Table 2) and are likely related to an initially steep subduction zone (Morrison, 1980;
Zhang et al., 2019) following subduction zone flip in the Oligocene–Miocene (Dewey & Bird,
1970; Hamilton, 1979; Dow & Sukamto, 1984; Hill & Hall, 2003; Aitchison & Buckman, 2012).
The calc-alkaline nature of the majority of samples in the Moon Volcanics along with the
field and petrographic evidence (intrusion of granitoids into continental margin sediments
and dominance of andesites and dacites) is indicative of rocks formed along a continental
arc. Most samples are likely subduction-related and the enrichment in LILEs and HFSEs
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observed in the Moon Volcanics can been attributed to rocks formed in primitive
continental arcs (Brown et al., 1984), such as the northern volcanic zone of the Andes
(Pearce, 1983). Large-ion lithophile element enrichment in the Andean northern volcanic
zone is derived from either the sub-continental lithospheric mantle (SCLM) or
contamination from the underlying curst (Pearce, 1983; Davidson et al., 1990), which
includes Mesozoic–Cenozoic continental and oceanic fragments, much like New Guinea. In

of

addition, the enrichment in HFSE and Th relative to HREE observed in the Moon Volcanics

ro

has been attributed to increased crustal contamination of other arc magmas (DePaolo,
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1981; Barbarin, 1999; Woodhead et al., 2010; Spandler & Pirard, 2013). The low–moderate
depletion in Nb in the Moon Volcanics also suggests that they are derived from multiple

lP

Auwewa Volcanic Group.
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components, unlike the strong Nb depletion and subduction zone element present in the

na

The intrusion of associated granitoids into the Jurassic–Cretaceous continentalderived Tamrau Formation basement produced up to andalusite-zone contact
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metamorphism (Webb et al., 2019) and indicates a different tectonic setting to the Auwewa
Volcanic Group, which intruded through solely oceanic crust. The low-K calc-alkaline nature
of the intrusive rocks in the Moon Volcanics (Figure 12a) likely reflects their tonalitic
composition with plagioclase dominant over K-feldspar. The production of tonalitic melts
has been attributed to the partial melting of amphibolites (Barker et al., 1981), such as
those reported from the adjacent Netoni Intrusive Complex (Webb & White, 2016).
Deformed and metamorphosed ultramafic rocks are also present within the Tamrau
Formation (Pieters et al., 1989; Webb et al., 2019). The calcic, magnesian, and
metaluminous–peraluminous nature of these granitoids (Figure 12b) is again typically
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associated with plutons found in the fore-arc sections of continental arcs where there is
subduction zone enrichment of both mantle-derived and crustal-derived protoliths (Brown
et al., 1984; Frost et al., 2001).
U–Pb zircon geochronology from the Moon Volcanics yields weighted mean ages of
14–12 Ma (Figure 14d–f), while individual concordant and accepted analyses give an age
range of 18–10 Ma. These ages correlate with the previously reported K–Ar ages from the
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Moon Volcanics (Bladon, 1988), along with other occurrences of middle Miocene

ro

magmatism throughout New Guinea (Utawa Diorite: 20–10 Ma, K–Ar, Bladon, 1988; Central
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Range: 12–10 Ma, K–Ar & U–Pb, Weiland, 1999; and the Maramuni Arc: 12–6 Ma, U–Pb,

re

Holm et al., 2015). The two volcanic samples (MW16-018 & MW16-022) yield slightly older
ages ~14 Ma (with some zircons as old as ~17 Ma) than the granites and microtonalite (~13–

lP

12 Ma). This later crystallisation of the granitic rocks may be a result of continued crustal

na

thickening and crustal contamination during subduction and volcanism. In addition, the
timing of granitic magmatism at ~13–12 Ma likely records the timing of contact
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metamorphism in the surrounding Tamrau Formation and Ajai Limestone observed by Webb
et al. (2019). Finally, interaction between the Moon Volcanics and coeval Koor Formation is
apparent with the occurrence of peperite (Pieters et al., 1989; Webb et al., 2019), andesitic
flows erupting onto soft muddy sediments (Figure 10c–d), and carbonate reefs fringing the
Moon Volcanics (Table 1; Supplementary Data File 7). This indicates that both subaerial and
submarine volcanism was active near the shoreline and shallow seas present around NW
New Guinea throughout the Miocene (e.g., Gold et al., 2017). Examples of both subaerial
and submarine volcanism within a continental arc have been observed elsewhere in Japan
and Mexico (e.g., Letouzey & Kimura, 1986 and Rosales-Lagarde et al., 2005, respectively).
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5.1.4. Berangan Andesite
The primary mineralogy and groundmass of the Berangan Andesite is andesitic,
containing essential plagioclase, amphibole, and biotite (Figure 7d & e). However, the two
xenocryst phases identified contrast with this. The coarse aggregates of deformed quartz
clearly do not belong in the andesite and appear to be derived from a more felsic plutonic
rock. They likely represent contamination and inheritance in the andesite from underlying

of

deformed granitoid basement rocks through which the Berangan Andesite has migrated,

ro

this is supported by the presence of Neoproterozoic to Palaeozoic inherited zircon. The
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oldest zircon population (952–626 Ma) is significant in that zircon of this age are relatively

re

rare in New Guinea and are only known from the proximal Tamrau Block (Webb et al., 2019)
and the Lengguru Fold and Thrust Belt to the south-east (Decker et al., 2017). This indicates

lP

that the Berangan Andesite likely forms part of the Tamrau Block and has migrated through

na

and been contaminated by the underlying Tamrau and Koor formations (both of which
contain zircons of this age). The Triassic and Devonian–Carboniferous zircons are likely
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derived from coeval granitoids that are known from the Kemum Block and Sorong Fault
Zone and represent Australian continental crust (Webb et al., 2016; Jost et al., 2018).
Contamination from the underlying crust may also explain the presence of
aggregates and single grains of what appear to be xenocrystic olivine. These olivine grains
are unlikely to be in equilibrium with the primary andesitic groundmass (containing
amphibole and biotite). The anhedral nature of the olivines and their resorbed to embayed
rims indicate that they are xenocrystic and may have been assimilated from a primitive
olivine-bearing melt or crystal mush, or, more likely they have been derived from accreted
segments of ultramafic oceanic crust or olivine-bearing island arc material (e.g., Streck et al.,
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2007). Slices of oceanic crust and island arc material (the Tosem Block) collided with the
Tamrau Block in the late Miocene–Pliocene (Sutriyono et al., 1997; Sutriyono, 2008; Webb
et al., 2019), eruption and contamination of the Berangan Andesite likely occurred after this
event and may be related to movement along the Sorong Fault Zone in the Plio-Pleistocene.
The contamination of the Berangan Andesite is apparent in its geochemistry, the
more mafic and tholeiitic sample obtained by Pieters et al. (1979) likely represents a primary
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mantle-derived melt formed during the initial stages of volcanism in the Berangan Andesite

ro

(basaltic-andesite; Figure 11a). In contrast, sample MW15-054 has a higher SiO2 content
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(69.42 wt.%), contains abundant quartz xenocrysts, and displays a calc-alkaline signature

re

(Figure 12a), all indicating the effects that crustal contamination has had on the
geochemistry of the Berangan Andesite. The trace element pattern of the Berangan
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Andesite is comparable to the Moon Volcanics (Figure 13b), indicating that they may share a

na

common melt or contamination source (e.g., the crust underlying the Tamrau Block).
However, the enrichment in Nb and Ta is indicative of a within-plate mantle signature
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(Brown et al., 1984). Its position along the Sorong Fault Zone suggests that the fault zone
acted as a conduit for a within-plate mantle-derived melt to reach the surface, becoming
crustally contaminated along the way and producing the Berangan Andesite.
5.1.5 Wandamen Gneiss
The 31.9 ± 0.5 Ma age reported for sample IELTW000H of the Wandamen Gneiss
(White et al., 2019) is comparable to Oligocene U–Pb ages from the Mandi and Arfak
volcanics in this study and the Philippine–Caroline Arc as a whole (Pieters et al., 1983; Ali &
Hall, 1995) and the sample was originally interpreted as a felsic equivalent of this arc (White
et al., 2019). However, the trace element data for sample IELTW000H differs from the data
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for felsic equivalents of the Philippine–Caroline Arc magmas reported in this study (MW16083, Mandi Volcanics; MW15-058, Arfak Volcanics; MW15-050, MW15-051, Lembai Diorite)
with a relative enrichment in the LILEs, Th, and U and a comparably minor depletion in Nb.
More apparent is the correlation between sample IELTW000H and Palaeozoic–Mesozoic
basement rocks from the Wandamen Peninsula (Figure 13c), apart from a depletion in Pb.
Sample IELTW000H likely represents a metamorphosed granite that formed as a result of
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partial melting of the Palaeozoic–Mesozoic basement during an Oligocene metamorphic

ro

event. This is supported by its evolved geochemistry and peraluminous nature (Figures 11a
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& 12b), multi-stage deformation, and felsic composition with a lack of any mafic minerals
(White et al., 2019). Other instances of Oligocene to Miocene metamorphism are reported

re

from the Central Range of New Guinea where Australian continental crust (including a
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Mesozoic sedimentary cover) entered the subduction zone between the Australian and

5.3.

na

Philippine Sea plates (Weiland, 1999; van Ufford & Cloos, 2005; Warren & Cloos, 2007).
Regional tectonic implications
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5.3.1. Australian Plate subduction

During the northern advance of the Australian Plate from the Eocene onwards
(White et al., 2013; Schellart & Spakman, 2015; Schellart, 2017; van den Ende et al., 2017)
the northern margin of the plate was obliquely subducting beneath the clockwise rotating
Philippine Sea Plate (Ali & Hall, 1995; Hall et al., 1995a, b, c; Hall, 2002; 2012; Hill & Hall,
2003). This subduction created a long oceanic island arc (the Philippine–Caroline Arc; Figure
16a) that collided with the Australian Plate throughout the Miocene and has been identified
along the northern margin of New Guinea (Ling et al., 1991; Charlton et al., 1991; Monnier
et al., 1999; Jaques & Robinson, 1977; Abbott, 1995). During this period of subduction, the
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Philippine–Caroline Arc would have been located at a palaeo-latitude of between 5° to 15° S
and a palaeo-longitude of between 120° to 140° N (e.g., Hall, 2002; Hall, 2012), and there
may have been up to ~300 km of northwards subduction, based on a Cenozoic Australian
Plate motion of ~60 km/Ma (Cohen et al., 2013) and the age constraints for volcanism
determined in this study. Zircon U–Pb geochronology for the Auwewa Volcanic Group
indicates that tholeiitic–calc-alkaline volcanism was present along this part of the arc from
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at least ~32–27 Ma (Figures 14a–b & 16). This subduction-related volcanism was coupled

ro

with volcanism formed within a back-arc extension-related setting, indicated by late-onset
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shoshonitic magmatism at ~27 Ma (samples MW16-011, MW16-083, MW16-084; Figure 16).
These processes likely resulted in underplating and the partial melting of mafic–
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intermediate meta-igneous rocks within the oceanic crust of the Philippine Sea Plate
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(leading to the generation of metaluminous quartz monzodiorites; e.g., MW16-083).
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Immediately preceding the formation of this arc was a period of widespread ophiolite
obduction along New Guinea (from the Cretaceous–late Eocene, including: the Irian
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Ophiolite – Weiland, 1999; the Marum Ophiolite Complex – Jacques et a., 1983; and the
Papuan Ultramafic Belt – Lus et al., 2004). Deformation and metamorphism associated with
this obduction accounts for the presence of mafic meta-igneous rocks within the crusts of
both the subducting Australian Plate and the overlying Philippine Sea Plate (Jaques et al.,
1978; Weiland & Cloos, 1996; Hill & Raza, 1999; Weiland, 1999; Hill & Hall, 2003; Lus et al.,
2004; van Ufford & Cloos, 2005). Volcanism within the Auwewa Volcanic Group was subaerial to sub-marine and intercalated with carbonate deposition within a fringing reef that
was present until the early Miocene (Table 1).
5.3.2. Philippine Sea Plate subduction
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In the Oligocene–early Miocene following continued northwards movement of the
Australian Plate, the actively rotating Philippine Sea Plate collided with the northern margin
of Australian continental crust in New Guinea (Weiland, 1999; Hill & Hall, 2003; van Ufford
& Cloos, 2005). In some parts of New Guinea (mostly in present day central and eastern
New Guinea – Figure 16c) this resulted in initial island arc–continent collision (Hill & Hall,
2003; Mahoney et al., 2019) with fragments of the arc accreting to the northern margin in a
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collision process that would continue along the island until the early Pliocene (Webb et al.,

ro

2019). Whilst in other parts (present day western New Guinea – Figure 16b) the subduction
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zone was shut down following the arrival of passive-margin sediments and the northern
margin of Australian continental crust, which jammed the system (Weiland, 1999; van
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Ufford & Cloos, 2005; Warren & Cloos, 2007), this is likely recorded by intrusion of the
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granitic Wandamen Gneiss protolith (sample IELTW000H) in the Wandamen Peninsula. This
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collision is thought to have stopped northward subduction of the Australian Plate and
flipped the polarity, resulting in oblique southwards subduction of the oceanic Philippine
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Sea Plate beneath the Australian Plate in New Guinea throughout the Miocene (Dewey &
Bird, 1970; Hamilton, 1979; Dow & Sukamto, 1984; Hill & Hall, 2003).
The results of this study indicate that southwards dipping subduction was producing
active magmatism in the Moon Volcanics of NW New Guinea from at least ~18–12 Ma
(Figures 14d–f, 15, & 17). Early magmatism was shoshonitic to high-K and associated with
the flip in subduction zone polarity and an initially steep subducting slab (e.g., Morrison,
1980; Zhang et al., 2019). The majority of calc-alkaline magmatism occurred in the fore-arc
section of a primitive continental arc along the northern margin of the Australian continent
in New Guinea, during which both granitic and volcanic rocks intruded through the Jurassic–
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Cretaceous basement rocks of the Tamrau Block (Figures 17). This produced widespread
contact metamorphism (Webb et al., 2019) and partial melting and assimilation of this
basement may be the cause of enrichment in the LILEs and HFSEs in the Moon Volcanics.
Most of the magmatism was directly related to the subduction process and related partial
melting of underlying amphibolites to produce low-K calc-alkaline tonalites and granites. At
least part of the volcanism was submarine (indicated by volcanics being deposited on wet,
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shallow-marine sediments; Figure 10c–d) and the fore-arc region was fringed by a carbonate
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reef, which was observed intercalated with volcanic rocks in the northern section of the
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Moon Volcanics (Figure 2a). Given that palaeogeographic data indicates that much of
western New Guinea was covered by shallow seas throughout the Miocene (Gold et al.,
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2017), the partially submarine nature of volcanism, and the potentially short-lived
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subduction period (~18–12 Ma), it is likely that the Moon Volcanics (and the Tamrau Block

na

itself) represent one or a series of volcanic islands erupting just above sea level in the forearc section of a primitive continental arc throughout the middle Miocene.
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The fault bounded Lembai Diorite also shows evidence for subduction-related
magmatism in the fore-arc section of a continental arc, but without the elevated LILE and
HFSE contents indicative of crustal contamination observed in the Moon Volcanics. The
diorite is also comparable in mineralogy and geochemistry to a proximal quartz diorite
(MW15-058), which intruded into basalts of the Arfak Volcanics in the middle Miocene (13.6
Ma). Both the Lembai Diorite and sample MW15-058 may be recording the middle Miocene
intrusion of subduction-related melts through an island arc (Arfak Volcanics) that accreted
to New Guinea during the Oligocene–Miocene. East of the Bird’s Head, the middle Miocene
Utawa Diorite has intruded through a previously accreted island arc (Auwewa Formation;
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Dow et al., 1990) as have middle Miocene diorites found in the Central Range (Weiland,
1999). The Lembai Diorite and sample MW15-058 likely formed in the same intrusive event
prior to displacement along the Ransiki Fault Zone.
In addition, whilst some seismic tomographic studies show no evidence for a
subducted slab currently present beneath western New Guinea (Hall & Spakman, 2003;
2015), tomography beneath central and eastern New Guinea does show evidence for a
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south-dipping subducted slab (Tregoning & Gorbatov, 2004). This south-dipping slab is

ro

related to the present day New Guinea Trench, but is interpreted to have been active from
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at least ~9 Ma (based on a ~650 km slab and subduction rate of 7 cm/yr) or even earlier

re

(depending on convergence rates in the New Guinea Fold and Thrust Belt; Tregoning &
Gorbatov, 2004) and may be associated with middle Miocene magmatism in the Moon

lP

Volcanics. The continued northwards advance of the Australian Plate and the strike-slip fault

na

driven transportation of crustal fragments along New Guinea (Hamilton, 1979; Hall, 2002;
2012) means that the Moon Volcanics are not currently in the same location in which they

Jo
ur

formed, and it is not necessary for a slab subducted in the Miocene to be beneath the Bird’s
Head at the present day (e.g., Schellart & Spakman, 2015).
5.3.3. Strike-slip movement

Middle Miocene subduction and magmatism ceased in the Tamrau Block (Moon
Volcanics) with the arrival and collision of the Tosem Block in the late Miocene–Pliocene
(Sutriyono et al., 1997; Sutriyono, 2008; Webb et al., 2019). Subduction-related magmatism
in the rest of New Guinea also ceased around this time (Hill & Hall, 2003). However,
Pliocene–Recent magmatism is present along New Guinea without the presence of an active
subduction system. Most authors agree that these are mantle-derived melts with various
44
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levels of crustal contamination and are the result of lithospheric delamination following
island arc–continent collision (Holm et al., 2015), before intruding and erupting through an
extensive strike-slip fault network (Mackenzie, 1976; Johnson et al., 1971; McDowell et al.,
1996; Housh & McMahon, 2000; van Dongen et al., 2010). Morris et al. (1983) report the
presence of alkaline rocks from within the Sorong Fault Zone immediately west of the Bird’s
Head, which they suggest may represent mantle magmas erupted to the surface along the

of

fault zone.

ro

The Berangan Andesite represents a post-Pliocene volcanic event in the Tamrau

-p

Block of NW New Guinea, it is situated immediately north of the main trace of the Sorong

re

Fault Zone and likely also used the fault zone as a conduit for eruption at the surface
(Figures 17). While not particularly alkaline the andesite does represent a crustally-

lP

contaminated mantle-derived melt with no subduction-related component. Melting may

na

have been induced either by orogenic collapse and mantle decompression following
terminal island arc–continent collision in the early Pliocene or by dehydration of the

Jo
ur

subducted Philippine Sea Plate as it ‘hung’ beneath New Guinea following subduction
shutdown (e.g., van Ufford, 1996; Housh & McMahon, 2000). During its ascent the melt
assimilated both continental and accreted island arc/oceanic crust, resulting in the
enrichment of LILE and the incorporation of quartz and olivine xenocrysts. This is reflected
in the inherited Mesozoic–Proterozoic (Australian continental crust) and Oligocene
(Auwewa Volcanic Group) zircons.
Whether movement along the Sorong Fault Zone directly resulted in eruption of the
Berangan Andesite is uncertain. However, following terminal island arc–continent collision
in the early Pliocene, left-lateral movement along both the Sorong and Ransiki fault zones of
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~300 km resulted in the westwards movement of the Tamrau, Tosem, and Arfak blocks to
their current position (Dow et al., 1984; Gold et al., 2014; Webb et al., 2019). This is
consistent with plate motions of 10 cm/yr for the Pacific/Caroline plates within the last 3 Ma
(Sapiie et al., 1999; Sapiie & Cloos, 2004), and ~300 km of left-lateral movement of relict
sections of the New Britain Arc along the Bewani-Torricelli Fault Zone in eastern New
Guinea (van Ufford & Cloos, 2005).
Conclusions

of

6.

ro

Cenozoic magmatic rocks in NW New Guinea formed in three distinct tectonic settings in

-p

the Oligocene, middle Miocene, and Plio–Pleistocene. The first phase of this magmatism is

re

reflected in the Auwewa Volcanic Group (consisting of the Mandi, Dore, and Arfak

lP

volcanics). These units record tholeiitic–calc-alkaline subaerial–submarine oceanic island arc
volcanism during the northward subduction of the Australian Plate beneath the Philippine

na

Sea Plate in the Oligocene (~32–27 Ma). The emplacement of these units preceded the

Jo
ur

Oligocene–Miocene collision of the Australian and Philippine Sea plates and a switch in the
subduction polarity of the Philippine Sea Plate, where it began to subduct southwards
beneath New Guinea. This change results in the production of the Moon Volcanics, which
consists of early shoshonite to high-K magmatism associated with an initially steep slab
resulting from subduction flip, followed by a shallowing of the slab and calc-alkaline
magmatism that developed in the fore-arc section of a primitive continental arc along the
length of New Guinea. This phase of magmatism was active from ~18–12 Ma and produced
isolated volcanic islands surrounded by shallow seas within the continental crust of the
Tamrau Block (e.g., Rosales-Lagarde et al., 2005). The Lembai Diorite also formed during this
phase of middle Miocene magmatism; however, it intruded through the previously accreted
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Arfak Volcanics and was subsequently transported further west along the Ransiki Fault
Zone. Following terminal island arc–continent collision in the early Pliocene, mantle melts
beneath New Guinea such as the Berangan Andesite were emplaced within fault jogs along
the Sorong Fault Zone and other strike-slip systems, allowing these volcanics to reach the
surface, but also leading to contamination from older continental and accreted oceanic
crust.
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Figure captions
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evidence from the Molong Volcanic Belt, Lachlan Orogen. Lithos, 326, 513-528.
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Location and overview geological maps of NW New Guinea. a) Plate tectonic map of New
Guinea showing the location of the study area in NW New Guinea (red box). The location of
faults and other structures are from Hall (2012) and the map is modified from Jost et al.
(2018) and Webb et al. (2019). It should be noted that the existence of the Caroline Plate
(Weissel & Anderson, 1978) is contested (McCaffrey, 1996) and its present plate motion is
consistent with the Pacific Plate (Kreemer et al., 2000; Tregoning, 2002), however, the
present-day plate tectonic setting of New Guinea does not impact the results of this study.
b) Simplified terrane and geological map of NW New Guinea showing the location of the
different volcanic units from this study and the extent of the Transition, Oceanic, and
Continental zones. The extent of these zones is modified from Dow and Sukamto (1984),
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Pieters et al. (1983), and recent field and geochronology studies from the region (Webb &
White, 2016; Decker et al., 2017; Jost et al., 2018; White et al., 2019; Webb et al., 2019). The
black boxes show the extent of Figure 2 a, b, and c.
Figure 2
Geological maps of the northern Bird’s Head showing GPS tracks taken during the study and

of

sample locations. a) Geological map of the northern tip of the Bird’s Head (Mar region)
showing the location of the Moon Volcanics, Mandi Volcanics, and Berangan Andesite. This

ro

map has been modified from Webb et al. (2019) and Pieters et al. (1989). b) Geological map

-p

of the north-western Bird’s Head (Sorong region) showing the location of the Dore

re

Volcanics. This map has been modified from Amri et al. (1990). c) Geological map of the

lP

north-eastern Bird’s Head (Manokwari and Ransiki regions) showing the location of the
Arfak Volcanics and Lembai Diorite. This map has been modified from Pieters et al. (1990),

Jo
ur

Figure 3

na

Robinson et al. (1990), and Jost et al. (2018).

Field photographs of the Mandi (a–c) and Arfak volcanics (d–f). a) Basaltic agglomerate from
the Mandi Volcanics on the very northern coast of the Bird’s Head. b) Quartz monzodiorite
(MW16-083) cross-cut by basaltic andesite in the Mandi Volcanics. c) Steeply tilted
volcaniclastic debrites of the Mandi Volcanics; Con = conglomerate, Cs = coarse sand, Ms =
medium sand, Fs = fine sand. d) Basaltic sheeted lava flows in the Arfak Volcanics. e)
Basaltic pillow lavas in the Arfak Volcanics. f) Basaltic host rock cross-cut by pods and lenses
of andesite that have then been sheared and dismembered in the Arfak Volcanics.
Figure 4
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Photomicrographs of the Mandi Volcanics. a) Basaltic-andesite containing chloritised
amphibole and plagioclase glomerocrysts. b) Porphyritic basalt containing clinopyroxene
and orthopyroxene glomerocrysts. c) Contact between quartz monzodiorite and basalticandesite shown in Figure 3b showing the partially chilled margin in the basaltic-andesite and
preferred crystal alignment. d) Calcite filled amygdale in basaltic groundmass. e) Large
clinopyroxene crystal and epidotisation of plagioclase in quartz monzodiorite. f) Olivine

ro

monzodiorite. h) Spherulite filled amygdale in basalt.

of

basalt. g) Granophyric texture and brittle deformation of K-feldspar in the quartz

-p

Figure 5

re

Photomicrographs of the Arfak Volcanics (a–f) and the Lembai Diorite (g & h). a) Porphyritic

lP

basalt containing plagioclase and clinopyroxene glomerocrysts. b) Porphyritic trachyte
containing plagioclase and sanidine phenocrysts. c) Olivine basalt containing olivine,

na

orthopyroxene, and clinopyroxene phenocrysts, and late cross-cutting quartz veins. d)

Jo
ur

Volcaniclastic sandstone (BJ15), containing angular–sub-angular quartz, plagioclase, and
clinopyroxene clasts. e) Volcaniclastic carbonate containing clinopyroxene, plagioclase, and
coralline algae clasts in a calcite cement. f) Cataclastic deformation in a quartz diorite
(MW15-058), containing orthopyroxene, amphibole, and chlorite in proto-mylonite
deformation bands. g) Othropyroxene and clinopyroxene poikiloblasts in a quartz
monzodiorite. h) Brittle deformation in quartz monzodiorite.
Figure 6
Field photographs from the Dore Volcanics and the Lembai Diorite. a) Andesite from the
Dore Volcanics containing partially chloritised amphibole phenocrysts. b) Basaltic-andesite
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with a chilled margin within a basaltic agglomerate in the Dore Volcanics. c) Auto-brecciated
basalt in the Dore Volcanics with sub-angular, cuspate, coarse-grained, plagioclase-rich
clasts in a finer-grained plagioclase and glass matrix. d) Sinistral strike-slip fault cross-cutting
basalts of the Dore Volcanics, the fault is vertical and strikes N–S. e) Zoomed in images of
the exposed fault surface from figure 6d, fault surface shows slickenlines and slickensteps
indicating a left-lateral sense of movement. f) Composition-defined planar fabric in the

of

Lembai Diorite. The darker parts are defined by the presence of clino- and orthopyroxene in

ro

the diorite, while the lighter ones are defined by plagioclase and quartz-dominated diorite

-p

(Figure 5g).

re

Figure 7

lP

Photomicrographs from the Dore Volcanics (a–c) and Berangan Andesite (d & e). a)
Porphyritic basalt containing clinopyroxene phenocrysts and glomerocrysts. b) Plagioclase-,

na

amphibole-, and quartz-bearing andesite. c) Coarse, fractured plagioclase phenocrysts in a

Jo
ur

glassy groundmass within an auto-brecciated basalt (Figure 6c). Olivine xenocrysts (d) and
deformed quartz xenocryst (e) in the Berangan Andesite.
Figure 8

Field and hand specimen photographs from the Moon Volcanics. a) Cross-cutting
relationships of andesites of different composition. b) Evidence for magma mingling with a
host Qtz-Hbl-Pl andesite interacting with a Hbl-Bt-Pl andesite and displaying a crenulated
margin. c) Auto-brecciated andesite. d) Hand specimen of porphyritic andesite (MW16-018)
containing large hornblende phenocrysts. e) Diorite intruding brecciated basalt in the Moon
Volcanics.
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Figure 9
Photomicrographs of extrusive and intrusive rocks of the Moon Volcanics. a) Hbl-Bt-Pl
andesite displaying a preferred orientation of the plagioclase crystals and a large chloritised
biotite crystal. b) Porphyritic Hbl-Bt-Pl andesite. c) Porphyritic Qtz-Hbl-Pl andesite. d) Basalt
showing sieve texture in plagioclase and plagioclase, clinopyroxene, and orthopyroxene
glomerocrysts. e) Partially welded dacitic ignimbrite containing plagioclase, quartz, and

of

hornblende phenocrysts. f) Skeletal chloritised hornblende surrounded by plagioclase in a

ro

microtonalite (MW15-078). g) Biotite granite intrusion (MW15-031); biotite is almost

-p

completely chloritised. h) Granophyric quartz and K-feldspar intergrowths and rare

re

muscovite in aplite.
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Figure 10

na

Field photographs of the Moon Volcanics interacting with the surrounding country rocks. a)
Microtonalite dyke (MW15-078) intruding into schist of the Tamrau Formation. b)

Jo
ur

Porphyritic microtonalite containing plagioclase and hornblende phenocrysts. c) Columnar
jointed andesite sill overlying mudstones from the Koor Formation. d) Zoomed in image of
(c) showing load and flame structures along the contact between andesite flow of the Moon
Volcanics and Koor Formation mudstones. e) Weathered dyke intruding Tamrau Formation
schist, with evidence for post-intrusion faulting. f) Granite (MW15-031) intruding Tamrau
Formation schist, fine-grained ptygmatic veins propagate out from the contact into the
schist.
Figure 11
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Major element classification plots for all samples analysed during this study. a) Total alkali
vs. silica plot (TAS) from Le Bas et al. (1986). b) AFM plot from Irvine and Baragar (1971). *
indicates data taken from Pieters et al., 1979 for the same formations used in this study.
Figure 12
Major element classification plots for granitoids and volcanic rocks analysed during this

of

study. a) K2O vs. SiO2 plot based on Peccerillo & Taylor (1976). b) Modified alkali–lime index
(MALI) vs. silica plot based on Frost et al. (2001) for all granitoids analysed in this study. c)

ro

Fe-Index vs. silica plot based on Miyashiro (1970) for all granitoids. d) A/NK vs. ASI plot

-p

based on Shand (1943) and Zen (1986) for all granitoids of this study. * indicates data taken

re

from Pieters et al., 1979 for the same formations used in this study.
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Figure 13

na

Trace element spidergrams for all samples analysed in this study normalised to an ALL
MORB value based on Gale et al. (2013). a) Mandi, Arfak, and Dore volcanics and the Lembai

Jo
ur

Diorite. b) Moon Volcanics and Berangan Andesite. c) Wandamen Gneiss and basement of
the Wandamen Peninsula. Gaps in the spidergrams indicate trace elements that were not
analysed for that sample.
Figure 14
Zircon U–Pb geochronology for samples from the Mandi, Arfak, and Moon volcanics, and the
Berangan Andesite. a) Weighted mean age plot for sample MW16-083 from the Mandi
Volcanics. b) Tera-Wasserburg plot showing the lower intercept for discordant U–Pb ages
for sample BJ15 from the Arfak Volcanics. c) Weighted mean age plot for sample MW15-058
from the Arfak Volcanics. d) Weighted mean age plot for sample MW16-018 from the Moon
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Volcanics. e) Weighted mean age plot for sample MW15-031 from the Moon Volcanics. f)
Weighted mean age plot for sample MW15-027 from the Moon Volcanics. g) Weighted
mean age plot for sample MW15-078 from the Moon Volcanics. h) Histogram showing the
distribution of inherited U–Pb ages from the Berangan Andesite. Analyses in bold on the
weighted mean age plots indicate those ages that were used to calculate a weighted mean
age.
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Figure 15

ro

Histograms showing the detrital U–Pb zircon ages from a river sand (MW16-032) taken from

-p

the north-western coast of the Tamrau Block (Figure 2a). a) All detrital zircon ages. b) Detail

re

of (a) showing the dominant middle Miocene age peak of the sample, which is likely

na

Figure 16

lP

exclusively sourced from the Moon Volcanics.

Cross-sectional and map-view tectonic models for NW New Guinea for the Eocene to

Jo
ur

Oligocene and the Oligocene to Miocene. a) The top panel depicts the Eocene to Oligocene
northwards subduction of the Australian Plate beneath the Philippine Sea Plate and the
formation of the Auwewa Volcanic Group of this study within the larger Philippine–Caroline
Arc. b) The left-hand middle panel shows the Oligocene to Miocene collisional event
described in this study and how it occurred in western New Guinea. Here Jurassic to
Cretaceous passive margin sediments overlying Australian continental crust enter the northdipping subduction zone and jam the system, this results in partial melting and formation of
the granitic protolith in the Wandamen Gneiss. c) Oligocene to Miocene collisional event in
central and eastern New Guinea. Here fragments of the Philippine–Caroline Arc collide with
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Australian continental crust and obduct along the northern margin of New Guinea. d) Mapview tectonic setting for the Eocene to Oligocene corresponding to Figure 16a. e) Map-view
tectonic setting for the Oligocene to Miocene, geographic locations for Figures 16b & c are
displayed here. The map-view tectonic reconstructions are modified from Webb et al.
(2019), palaeo-latitudes and longitudes and plate motions not referenced in the figure are
derived from Hall (2002; 2012).

of

Figure 17

ro

Cross-sectional and map-view tectonic models for NW New Guinea for the middle Miocene

-p

and Pliocene. a) The top panel depicts the middle Miocene southwards subduction of the

re

Philippine Sea Plate beneath the Australian Plate and the Tamrau Block during the middle

lP

Miocene, this followed initial differential collision across New Guinea (Figure 16) and a
switch in the polarity of subduction. Subduction is initially steep, leading to shoshonitic

na

magmatism from ~18–14 Ma in the northern Moon Volcanics, before shallowing and

Jo
ur

producing calc-alkaline magmatism from ~14–12 Ma in the south. b) The middle panel
shows the Pliocene tectono-stratigraphic configuration of the Bird’s Head Peninsula
following late Miocene to Pliocene collision of the Tosem Block and the onset of PlioPleistocene magmatism in the Berangan Andesite. c) Map-view tectonic setting for the
middle Miocene corresponding to Figure 17a. e) Map-view tectonic setting for the PlioPleistocene corresponding to Figure 17b. The map-view tectonic reconstructions are
modified from Webb et al. (2019), palaeo-latitudes and longitudes and plate motions not
referenced in the figure are derived from Hall (2002; 2012).
Table 1
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Foraminifera biostratigraphy and depositional environments for limestone samples taken
from within the Moon, Dore, and Arfak volcanics.
Table 2
Data table showing location, lithology, geochemical classification, and age for all samples
used in this study (ages in bold indicate U–Pb zircon ages from this study and White et al.,
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2019).
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Table 1
Lat/Long

Microfacies Components

Environment Age

Formation

MW15-009

0.8136111°S
/131.2617°E

Packstone of
algae and
large benthic
foraminifera

Forereef
environment

Seravallian,
N10–N12,
14–12 Ma

Dore Volcanics

MW15-055

1.391944°S
/134.0847°E

Reefal
environment

Early
Miocene

Arfak
Volcanics

MW15-066

0.4969444°S
/132.9897°E

Packstone of
algae and
large benthic
foraminifera
Packstone of
recrystallised
algae

Lepidocyclina
(Nephrolepidina)
Ferreroi,
Cycloclypeus
Carpenteri,
Miogyspina sp.,
Sphaerogypsina sp.,
Miliolid spp.,
Amphistegina spp.,
Coral spp., fragments
of rodophyte species
Eulepidina formosa,
Spiroclypeus sp.

Globigerina sp., small
rotalids, coral spp.

Backreef
environment

Paleocene–
Pliocene

Moon
Volcanics

Jo
ur

na

lP

re

-p

ro

of

Sample
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Table 2
Formation

Latitude

Longitude

Geochemistry

Age (Ma)

MW16-011

Mandi Volcanics

0°22’9.7” S

132°43’11.5” E

Basalt

Shoshonite

Oligocene

MW16-013

Mandi Volcanics

0°22’4.8” S

132°43’11.2” E

Basalt

Tholeiite

Oligocene

MW16-015

Mandi Volcanics

0°23’23.8” S

132°45’47.2” E

Volcaniclastic

Tholeiite

Oligocene

MW16-083

Mandi Volcanics

0°21'53.9"S

132°22'13.9"E

Shoshonite

MW16-084

Mandi Volcanics

0°21'53.9"S

132°22'13.9"E

Qtz
Monzodiorite
Basalt

Shoshonite

Oligocene
(26.6 Ma)
Oligocene

MW15-043

Arfak Volcanics

1° 6'12.2"S

133°56'41.2"E

Basalt

Tholeiite

Oligocene

MW15-053
MW15-058

Arfak Volcanics
Arfak Volcanics

0°58'34.7"S
1°23'39.3"S

133°53'4.6"E
134° 4'56.0"E

Basalt
Qtz Diorite

Tholeiite
Calc-alkaline

MW15-060
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0°29'34.8"S
0°46'23.9"S

132°55'42.2"E
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Dacite
Andesite
Basalt
Tephrite
basanite
Basalt
Basaltic-andesite

2°28'58.8"S
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Sample

Qtz Diorite
Qtz Diorite
Granite

Calc-alkaline
N/A
Tholeiite
Tholeiite
Calc-alkaline
High-K Calcalkaline
Calc-alkaline
Calc-alkaline
Low-K Calcalkaline
Low-K Calcalkaline
Low-K Calcalkaline
Calc-alkaline
Calc-alkaline
Calc-alkaline
Calc-alkaline
High-K Calcalkaline
Calc-alkaline
Calc-alkaline
Calc-alkaline

Shoshonite
Calc-alkaline

Miocene
Miocene
Miocene
(12.4 Ma)
Miocene
Miocene
(12.8 Ma)
Miocene
Miocene
Miocene
Miocene
(12.4 Ma)
Miocene
(14.1 Ma)
Miocene
Miocene
Miocene
(~14 Ma)
Miocene
Miocene
Miocene
Miocene
Miocene
PlioPleistocene
Oligocene
(31.9 Ma)
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We present new U–Pb zircon and geochemical data from a young arc–continent collision.
Three distinct stages of Cenozoic magmatism recorded in NW New Guinea.
Multiple switches in subduction polarity occurred during the Cenozoic.
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